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Abstract
Arsenic (As) concentrations in the waters of Raccoon Creek in southern New Jersey commonly exceed the State's Surface Water Quality Standard (SWQS) for freshwater of 0.017 microgram per liter (µg/L). In order to assess contributions of As from residential runoff to the creek, samples of runoff water were collected from a detention basin in each of two residential developments underlain by different geologic formations and at the outlets of those basins. Samples of streamwater also were collected from Raccoon Creek adjacent to the developments. The samples were analyzed to determine concentrations of As, selected metals, organic carbon, and nutrients. Soil samples in and downgradient from the basins also were collected and analyzed.
Concentrations of As in unfiltered water samples of runoff from the basin underlain by glauconitic clays generally were higher (up to 4.35 µg/L) than in runoff from the basin underlain by predominantly quartz sands and silts (up to 2.68 µg/L). Chromium (Cr) concentrations also were higher in runoff from the basin underlain by glauconitic clays than in runoff from the basin underlain by quartz sand and silt. In addition, Cr concentrations were higher in the glauconitic soils than in the quartz-rich soils.
Metals such as aluminum (Al), iron (Fe), lead (Pb), and manganese (Mn) in the runoff and in the streamwater were mostly in particulate form. Arsenic, most metals, and phosphorus (P), however, were mostly in dissolved form in runoff but in particulate form in the streamwater. Total organic carbon concentrations in the runoff ranged from about 10 to nearly 16 milligrams per liter (mg/L). Given such levels of organic carbon and strong correlations between concentrations of some metals and organic carbon, it may be that many of the metals were complexed with dissolved organic carbon and transported in that form in the runoff.
Although underlying geologic materials and soils appear to be major contributors of As to the streamwater, As also could have been contributed from lead arsenate pesticide residues. The residential development underlain by quartz-rich sediments formerly had been an orchard where such pesticides may have been used. The substantial inputs of As to runoff at this site may be attributable to this former land use, although Pb concentrations were about the same in runoff from both sites. The streamwater at both sites, however, contained Pb concentrations well above those in runoff, indicating that there are additional inputs of Pb, perhaps from roadside soils, upstream from the two sampling sites in this study.
Positive relations between concentrations of As and some metals with dissolved organic carbon in runoff and streamwater indicate that complexation with organic carbon may provide a mechanism by which these constituents can be transported. Sorption of As, Pb, and P to Fe hydroxides may be indicated by the observed positive relation of particulate As, Pb, and P to particulate Fe, however, representing an additional mechanism for transport of these constituents.
Introduction
Concentrations of As, a metalloid, commonly exceed the New Jersey Surface Water Quality Standard (SWQS) of 0.017 µg/L for freshwater (New Jersey Department of Environmental Protection, 2009) in the waters of streams that drain to the Delaware River in the Inner Coastal Plain of New Jersey. Although the streams typically rise among the quartzrich sands of the Miocene Cohansey and Kirkwood Formations, below their headwaters these streams are underlain by, and incised into, glauconitic sediments of mainly marine origin, which range in age from Early Tertiary through Late Cretaceous periods. The glauconite (a gray to green mineral with clay-or mica-like structure) and soils developed on these sediments have been shown to be rich in As and other trace elements (Dooley, 1998; 2001) .
Arsenic, Metals, and Nutrients in Runoff from Two Detention Basins to Raccoon Creek, New Jersey Coastal Plain, 2008
Former and existing land uses also may be contributors to the As, metal, and nutrient loads of these streams. Consequently, regional and local assessments of the sources, distributions, and fates of As, metals, and nutrients in streamwater are ongoing where the Surface Water Quality Standards for these constituents are exceeded. One aim of such assessments is to distinguish between geologic sources and landuse-related sources, such as runoff from existing and former agricultural land, and from roads and other impervious surfaces. Identifying the source contributions of As and metals to streamwaters is particularly challenging in rapidly urbanizing areas where both geologic and anthropogenic sources are present. Yet it is precisely these areas where concern regarding the source and fate of these contaminants is greatest and effect of land-use and water-resource management (such as stormwater runoff management) is greatest.
Raccoon Creek, in Gloucester County, southwestern New Jersey, is one of several Coastal Plain streams where the waters contain As at levels that commonly exceed the SWQS. Local As-rich geologic materials and activities related to agriculture are thought to be possible sources of As to the streamwater. It has been shown that natural As levels in soils of orchard areas elsewhere in the New Jersey Coastal Plain were increased by applications of arsenical pesticides to the fruit trees during the early to mid-20th century (Barringer and others, 1998) . Substantial areas of land within the Raccoon Creek watershed have been devoted to orchards during the 20th century. Some of these orchards were replaced by residential development during the 1990s and early 2000s, and runoff from disturbed soils in these areas may be a source of As-rich sediment and water to the stream.
In addition to As, runoff can contribute metals, such as Cd, Cu, Hg, Pb, and Zn, and nutrients to streams; any natural (geologic) contributions of these constituents can be enhanced by inputs of anthropogenic origin. Dust and runoff from surfaces where motor vehicles travel or are parked can contain elevated levels of Cd, Cu, Pb, and Zn (Morrison and others, 1984; Hares and Ward, 1999; Barbarosa and Hvitved-Jacobsen, 1999; Councell and others, 2004; Lin and others, 2005) and may be sources of metals to the stream. In a study of urban inputs of metals to surface waters, Rice (1999) found that the sum of concentrations of four metals in stream sediments (Cu + Hg + Pb + Zn) correlated well with population density.
Stormwater-management practices are designed to mitigate the effects of runoff containing undesirable levels of constituents (As, metals, N, P, and other potential contaminants) on the quality of streamwater. For management practices to be effective, measurement of the constituents present in runoff, particularly in areas where structures such as storm drains and detention basins have been installed to direct, contain, or sequester contaminants, is needed. The current study was undertaken by the U.S. Geological Survey (USGS) in cooperation with the Planning Division of the Gloucester County Department of Public Works (GCPD). Funding for this study was provided by USGS and New Jersey Department of Environmental Protection (NJDEP) through a U.S. Environmental Protection Agency (USEPA) 319(h) Non-Point Source Pollution Control and Management Implementation grant to the Camden County Soil Conservation District (CCSCD) and the GCPD. The study was designed to provide information in support of the development of a Stormwater Management Plan for the watershed of Raccoon Creek (hereafter, the creek is referred to as RAC). Further, the study complements a regional effort by the USGS, in cooperation with the NJDEP, to determine sources of As, as well as metals and nutrients, to RAC and other Coastal Plain streams.
The primary objective of this study was to determine levels of As in stormwater runoff to detention basins and in the runoff from them to the RAC and to identify likely sources of As. Other objectives included gathering data on associated metals and nutrients in order to more completely describe the likely sources of As to the stream and the processes involved in As mobility. For this study, concentrations of As and metals also were determined in soils bordering the RAC channel, in particular those developed on the marine sediment substrate and those upgradient adjacent to a former orchard area.
Local, detailed investigations in individual watersheds such as the RAC lead to greater understanding of how variation in the local landscape, such as geology, land use, degree of residential development, degree of impermeable surface, and other variables affect the distributions of As, metals, and nutrients in streamwater; these investigations will be an integral part of the larger ongoing regional study.
Purpose and Scope
This report presents the chemistry of runoff water to, and runoff from, two detention basins and associated streamwater. One basin was sampled twice, during two rain events in May and September 2008, the other in September 2008. Concentrations of As and metals in soils and sediments in the vicinity of the basins also are presented. Differences in chemistry of runoff and soils or sediments between the basins are evaluated in terms of differences in land use and geology.
Statistics for As and metals in runoff and streamwater are listed in tables. Concentrations of selected constituents in runoff, streamwater, soils, and sediments are shown in illustrations.
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with the Vincentown Formation and continuing down-section through the Merchantville Formation (Owens and Sohl, 1969) ( fig. 1 ). The outcrop areas of these marine formations are regionally extensive, as they stretch from the southwest border of New Jersey at Delaware Bay toward the northeast in bands that parallel the Delaware River for about 100 mi. Because some of the marine sediments are particularly clay-rich (the Hornerstown, Navesink, Marshalltown and Merchantville Formations) and do not function as aquifers, some reaches of the westward draining Coastal Plain streams receive little or no groundwater as base flow. About 71.6 percent of flow in Raccoon Creek is base flow (Vincent DePaul, U.S. Geological Survey, written commun., 2008), slightly less than that of streams draining to the Atlantic Ocean that are underlain entirely by the Cohansey and Kirkwood Formations.
Concentrations of As have been found to range from 7 to 136 milligrams per kilogram (mg/kg, or parts per million) in the New Jersey Coastal Plain glauconites derived from geologic materials and soils (Dooley, 2001 ). The glauconitic soils, which range from less than 2 percent to 40 percent of glauconite (Keenan and Muñiz, 2007) , tend to be enriched in As over the levels found in the parent (geologic) materials. Concentrations range from 13 to 131 mg/kg for whole soils (Dooley, 2001) . In areas where orchards existed or still exist, applications of lead-arsenate pesticide on the fruit trees may have amplified the concentrations of naturally occurring As in soils, as shown in central New Jersey (Barringer and others, 1998) and elsewhere in the United States, for example, in western Massachusetts (Newton and others, 2006) . In addition to As, concentrations of Sb have been found to be elevated in soils where lead arsenate pesticides have been used (Wagner and others, 2003) . Nevertheless, it appears that at least some of the reported instances of highly elevated As concentrations in soils on glauconite-rich substrates are attributable to geologic contributions of As, rather than to agricultural inputs, because As concentrations increase with depth in the soil and proximity to the As-bearing geologic substrate (Kevin Schick, New Jersey Department of Environmental Protection, written commun., 1997). Glauconitic soils also can contain substantial concentrations (greater than 100 mg/kg) of Cr and V, which have been found to be readily extractable (Dooley, 2001) . These glauconitic soils are easily disturbed, and clay-sized particles derived from streambank erosion tend to remain suspended in water (Monmouth County Health Department, 2006 ). It appears likely the soils developed on the marine formations can contribute As, as well as Cr and V, to runoff that enters the RAC.
Near the headwaters, the pH of RAC waters is slightly acidic to neutral. Water-quality data (available at http:// waterdata.usgs.gov/nj/nwis/qw/) from sampling at the USGS gage Raccoon Creek near Swedesboro, NJ (site 01477120), which is downstream from the sites sampled in this study, indicate the pH of streamwater since 2000 has ranged from 6.8 to 7.5, with a median value of 7.1. Nitrite + nitrate concentrations have ranged from 0.22 and 2.32 mg/L (as N), but these are extreme outlier values; concentrations typically range from 1 to 2 mg/L (as N). Data collected from 1965 to the present also indicate that chloride concentrations in RAC streamwater have increased over time and now generally exceed 20 mg/L. Recent sampling to determine phosphorus levels in the RAC (Camden County Soil Conservation District 2008) indicates concentrations of orthophosphate, total phosphate, and total phosphorus generally are less than 0.1 mg/L in water upstream from the current study area but exceed 0.1 mg/L at sites downstream from the study area at high flow.
The two grass-lined detention basins (USGS sampling sites 01477082 and 01477106; figs. 1 and 2) chosen for investigation in the current study are located at two recently developed residential areas that border the RAC. The farther upstream residential area (hereafter referred to as Estates 1) is underlain by sediments of the basal Kirkwood Formation. Soils on the low-relief land at Estates 1 are predominantly well-drained sandy loams, identified as belonging to the Downer and Sassafras soil series, with moderately welldrained sandy loams of the Woodstown-Glassboro Complex near the stream (Keenan and Muñiz, 2007) .
The second residential area (hereafter referred to as Estates 2), which is downstream from Estates 1, is underlain by glauconitic clays of the Navesink Formation; as some of these clays are green in color, part of this area may be underlain by the Hornerstown Formation, which unconformably overlies the Navesink Formation. At Estates 2, soils underlying the upland, residential area are sandy loams of the glauconite-bearing (2-5 percent glauconite) Freehold soil series and the Sassafras series. Near the stream, the detention basin is within sandy loams of the Collington series, with up to 20 percent glauconite (Keenan and Muñiz, 2007) .
Land Use
Land use within the RAC watershed has been mainly agricultural ( fig. 2) with much of the area occupied by orchards. In recent years, however, the balance has shifted towards increased residential (suburban) land use. In the newly developed areas, detention basins commonly have been installed to capture runoff.
The mixture of the remaining agricultural land and newly developed residential areas has resulted in a complex mosaic of land uses within the RAC watershed. Urbanized areas, some of which date to the 18th or 19th centuries, are few. The watershed contains a variety of known contaminated sites, most of which are clustered near the downstream, tidal portion of the stream, rather than in the area sampled for the current study. The part of the watershed sampled for this study contains five known contaminated sites, most of which are near tributaries, or are farther than 0.5 mi from the mainstem.
Aerial photographs from the 1930s to 2002 indicate Estates 1 was developed on former orchard land. Land use, prior to the development of Estates 2, appears to have been agricultural but was not orchard land.
Methods

Collection of Water Samples
Samples of runoff were collected in the two detention basins (sampling site 01477082, hereafter E1B and site 01477106, hereafter E2B) adjacent to the RAC and from the basins' outlets to the RAC (site 01477083, hereafter E1O and site 01477107, hereafter E2O) during storms (see figs. 1 and 2). Streamwater from the RAC immediately upstream of E1O and E2O also was collected during the same storms; these stream sites (01477081 and 01477105, respectively (figs. 1 and 2) are referred to as E1C and E2C, respectively. Samples were collected at Estates 2 on May 16, 2008, when at least 0.5 in. of rain fell as measured at the rain gage at site 01411000 on the Great Egg Harbor River at Folsom, New Jersey. Previously, a combined total of about 3 in. of rain had fallen from May 8 through May 12, followed by a three-day interval of no precipitation. Peak flows on the RAC ( fig. 3 ) from this period were recorded at the downstream gage (01477120, see fig. 1 for location) on May 9, 13, and 16. The streamwater sample (E2C) at Estates 2 was collected at 12:50 on the descending limb of the hydrograph at that site, as peak flow was being recorded at that time at the downstream streamgage (01477120). Samples were collected during the storm on the rising limb of the hydrograph ( fig. 4 ) at both Estates 1 and Estates 2 on September 6, 2008, during a storm in which nearly 2 in. of rain fell following nearly a month of virtually no precipitation. Water samples were collected as grab samples. Nitrilegloved personnel from the CCSCD, the Gloucester County Soil Conservation District (GCSCD), and the USGS collected samples in acid-washed bottles. Four to five samples were collected from water that was pooling in the detention basins, working from downstream to upstream to avoid contamination of subsequent samples. At each basin, a sample of water issuing from the outlet to the RAC also was collected, and a series of five grab samples was collected from midway in the water column, immediately upstream of each outlet along a cross section of the RAC at each site. Sample bottles were labeled with site identification, date, time, and numbers keyed to field maps of individual sample locations. All samples were chilled, and kept in the dark until further sample processing at the USGS New Jersey Water Science Center (NJWSC) laboratory.
For each sampling site, the basin sample set and stream sample set were each composited in an acid-washed churn using ultraclean protocols (Horowitz and others, 1994; Ivahnenko and others, 1996; Wilde and others, 2004) . Water samples were filtered through an in-line 0.45-mm pore-size filter. Whatman capsule filters were used in May 2008. Owing to unavailability of capsule filters after the May sampling, Aquaprep disc filters were used in September; clogging of pores due 
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to the small surface area of the disc filters may have produced a low bias for constituents in filtered samples collected in September. Personnel processing samples wore nitrile gloves that were changed between steps in the process and between samples. Sample processing and preservation with ultra-pure acids was done inside chambers of polyethylene sheeting on polyvinyl chloride frames; the chamber sheeting was changed between samples. All equipment used for collection and processing of aqueous samples was acid-washed (5 percent HCl) and rinsed with de-ionized water.
Collection of Soil Samples
Samples of detention-basin soils and clays were collected by using either a 1-m-long stainless-steel corer with pre-cleaned butyl acetate liners, as described by Barringer and others (1998) , or a clean stainless-steel bucket auger. RAC bankside soils were collected at Estates 1 by coring. Detention-basin soils/sediments at Estates 2 were collected with the corer, but samples of RAC bankside soils were collected from the subsurface with a clean auger in a previously dug pit because cobbles and gravel near the surface precluded coring, and only the subsurface sample could be collected. The soil/ sediment cores and auger samples were subsampled according to change in grain size, geologic material, or soil horizon, and sieved to less than 2 mm using pre-cleaned plastic sieves.
Analysis of Samples
Unfiltered and filtered water samples collected in May 2008 from the detention basin, outfall, and stream at Estates 2 were analyzed at the USGS National Water Quality Laboratory (NWQL) in Denver, CO, for As, selected metals, nutrients, and organic carbon, both dissolved (DOC) and total (TOC) (Brenton and Arnett, 1993; Faires, 1993; Fishman, 1993; Clesceri and others, 1998; Garbarino and others, 2006) . Streamwater samples collected at Estates 1 and 2 in September 2008 were analyzed for the same constituents. Samples also were analyzed for Hg and major cations and anions-the major elements in filtered samples only. The soil and sediments were completely digested, using hydrochloric, nitric, hydrofluoric, and perchloric acids, and hydrogen peroxide (Arbogast, 1996; Briggs and Meier, 2002) , and analyzed for total As, a suite of total metals, and carbon (Brown and Curry, 2002; Brown and others, 2002) by the USGS Geologic Discipline Research Laboratory in Denver. Analytical methods are summarized in table 1.
Streamflow Measurements
Staff gages were installed by personnel from the CCSCD at the two RAC stream sampling sites (01477105 (E1C) and 01477081 (E2C)). Stream discharge at each site was measured immediately following the collection of the water samples by personnel from the CCSCD, using a type AA current meter with top set wading rod, following USGS procedures (Carter and Davidian, 1968 
Quality-Assurance Measures
Results of analyses of equipment blanks (acid-washed tubing, Whatman capsule filters, and Aquaprep disc filters) collected during spring and fall 2008 indicated that nearly all constituents were undetected in the blank water. Exceptions were Al and B, present at concentrations slightly above their respective lower reporting limits but well below the concentrations found in environmental samples.
For water samples collected during September 2008, in which all major ions were analyzed, cation/anion balances were computed. Percent differences between cations and anions were less than 5 percent for all samples, indicating acceptable analyses for those samples.
Two subsamples (TC-2, and TC-2R) of the core from the Estates 2 detention basin were analyzed as replicates. Concentrations of most of the metals were closely similar, with relative percent differences within 10 percent. The relative percent difference in As concentrations in these sediment samples, however, was about 24 percent. Measurements of As may have been less precise than those of some other constituents (recovery on sediment standards ranged from 96.6 to 125 percent (LaDonna Choate, U.S. Geological Survey, written commun., 2009)), but the difference in As concentrations may stem, in part, from inhomogeneity of the replicate samples with respect to As-bearing minerals. On September 6, 2008, runoff collected within detention basin E1B contained 2.68 µg/L of total (unfiltered) As; concentrations were slightly lower at the outfall (E1O) and in the stream (E1C) (appendix 1). The differences appear to be outside expected analytical error (about ± 6 percent), and likely represent an actual decrease from basin to outfall. Total Cr and Pb concentrations were substantially lower than the As concentration in the runoff, but Pb concentrations in the streamwater were substantially higher than those in the runoff. Particulate As concentrations (unfiltered minus filtered concentrations) were negligible in both the basin and outfall samples but were large (1.62 µg/L) in the sample from the stream (E1C) at the Estates 1 site. Thus, As in the runoff water was almost entirely in the operationally defined "dissolved" form, which could include colloids small enough to pass through the 0.45-µm pore-size filters used in this study.
The pattern shown by As was present for the metals Ba, Cd, Cr, Cu, Ni, V, and Zn; these were in mostly dissolved form in the runoff but in mostly particulate form in the stream. For the metals Al, Fe, and Mn, the pattern differed. More than 50 percent of the Al, Fe, and Mn in runoff in the basin and at the outfall was particulate, likely indicating that Fe-and Mn-oxidecoated clay particles are an important component of the runoff. Small differences in concentrations of TOC and DOC in the runoff indicate that, although organic particles were present, most organic carbon was dissolved. Mercury was not detected in the runoff (< 0.010 µg/L) but was detected in the streamwater from E1C at 0.018 µg/L (appendix 1).
Ammonia concentrations were low and organic N was the dominant N species in the runoff samples; concentrations were slightly higher in runoff than in the stream (E1C) immediately upstream from the outfall (E1O). The nitrite + nitrate concentration was slightly higher in the streamwater than in the runoff to the basin (E1B) but about the same as the concentration in the outfall (E1O) sample. On the basis of the difference in concentrations between unfiltered and filtered samples (appendix 1), some of the P in runoff was present in particulate form, but most was in dissolved form, as orthophosphate. In the streamwater, however, most of the P was in particulate form. The preponderance of dissolved forms in the basin runoff samples apparently indicates that some filtering of particles occurs as water moves over the lawn area surrounding the detention basin. Additionally, with relatively little movement of water as the basin fills, some particles bearing P, As, and many of the metals may settle out, although fine particles containing Al, Fe, and Mn (clays and Fe and Mn hydroxides) apparently remain in suspension. Water that collects in the basin includes the precipitation, in which any As, metals, and N species would be predominantly in dissolved form, and which would cause dilution of the runoff collecting in the basin. Chloride and sulfate concentrations in the runoff samples were slightly less than half those in the RAC streamwater sample at E1C, as were Na concentrations. Concentrations of Ca and Mg, on the other hand, were about the same in the runoff samples as those in the streamwater (appendix 1).
Estates 2
In samples from May 16, 2008, a negligible difference between concentrations of As in unfiltered and filtered samples indicated that runoff to the RAC from the detention basin (E2B) through its outfall (E2O) carried relatively little particulate As (≤0.1 µg/L). Concentrations of total As in the runoff samples were only slightly higher (1.63 µg/L at E2B and 2.21 µg/L at E2O) than the total As concentration of the streamwater itself (1.39 µg/L at E2C) (appendix 1, fig. 5 ).
(Although relatively little of the As and accompanying metals was particulate, colloids of a size less than 0.45 µm could have been present in the filtered samples.) Concentrations of Al, Fe, and Mn, which were mostly in particulate form, were lower in water from the basin (E2B) and the outfall (E2O) than they were in the streamwater. Substantial amounts of Cu and Pb in runoff to the basin were in particulate form, although this was not the case in runoff issuing from the outfall. Particulate organic carbon (POC) constituted a larger proportion of TOC in these runoff samples than in streamwater at E2C (immediately upstream from E2O), and TOC concentrations in the runoff samples were higher than the concentration in streamwater at E2C. During the September 6 precipitation event, runoff exiting basin E2B to the RAC at E2O was observed to be greater than in May, in part, because of the intensity of the September storm and, in part, because sampling in May took place during the waning of the storm, whereas sampling in September took place at the peak of the storm. Another critical difference between conditions in May and September was that, unlike the soils in May, the soils surrounding the basin were dry in September because of a lack of rain during the preceding month. The preceding dryness would induce overland flow and reduce infiltration, as the soils would have required wetting before becoming permeable. During the peak of the September storm, the detention basin at Estates 2 was filled briefly with water that exceeded 3 ft in depth.
In September, almost none of the As in Estates 2 runoff was particulate. Concentrations of total As at the Estates 2 basin and outfall were substantially higher (4.35 and 3.17 µg/L, respectively) than they had been in the previous May (1.63 and 2.21 µg/L, respectively). In the RAC at E2C (immediately upstream from E2O outfall), however, nearly 70 percent of the total As concentration was particulate in form, and concentrations of both total and dissolved As were more than double the concentrations measured in May (appendix 1). Concentrations of total (unfiltered) Cr, Cu, and Pb were substantially higher in streamwater and slightly higher in runoff to the basin in September than in May; concentrations of these constituents were about the same in runoff at the basin outfall during both storms ( fig. 5) .
In both May and September, concentrations of P in runoff from E2B and E2O were slightly lower in filtered samples than in unfiltered samples, and, thus, were mostly in dissolved form (appendix 1). In the stream at E2C, however, the P concentration was higher in the unfiltered sample than in the filtered sample; consequently, more of the P was particulate, especially in September. Total P concentrations were, overall, higher in September than in May (fig. 6 ). In contrast, concentrations of N species were higher in runoff in May than in September (fig. 6) ; the higher organic N may have been released from vegetation during a spring growing season, and residential fertilizer use in the spring may have contributed N species. Because concentrations of many constituents in unfiltered and filtered runoff water generally are similar, clogging of the filter pores does not appear to have caused a bias in the runoff samples. In the streamwater, where particulate concentrations of many constituents are high, clogging may have introduced a bias, but such a bias cannot be assessed because the Estates 2 streamwater sample from September was collected during substantially higher flow, presumably with more suspended particles, than the sample in May.
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Differences in Water Chemistry, Estates 1 and 2, September 2008
During the September 2008 storm, in the runoff samples from basin E2B and at the outfall E2O, total As concentrations were 4.35 and 3.17 µg/L, respectively; these concentrations were substantially higher than the concentrations in runoff samples from Estates 1 (fig. 7) . Total Cr concentrations also were higher in the runoff samples from Estates 2 in September than they were in the runoff samples from Estates 1, but total Pb concentrations were about the same (fig. 7) . The concentration of Pb in the streamwater, however, was substantially higher at sampling site E1C at Estates 1 than the concentration at E2C at Estates 2, indicative of sources of Pb upstream from Estates 1.
At Estates 2, the metals, with the exception of Al, Fe, and Mn, exhibited a pattern similar to that of As, being mostly in dissolved form in runoff but mostly in particulate form in streamwater, as was the case at Estates 1. In the stream, suspended particles (organic matter, clay and silt particles) are 
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SAMPLING SITE Figure 7 . Concentrations of total arsenic (As), chromium (Cr), and lead (Pb) in unfiltered samples of runoff to, and streamwater in, Raccoon Creek, Gloucester County, New Jersey, September 2008.
vehicles for transporting As and metals in the streamwater. It appears, however, that water entering and exiting both of the detention basins contained most metals either in a dissolved phase or on colloids and that the particles were mainly composed of Al-, Fe-, and Mn-bearing mineral phases, presumably clays and metal hydroxides. TOC and DOC concentrations were similar in runoff to and from both basins, the organic carbon being mostly in dissolved form. Concentrations of organic carbon in streamwater were higher in the RAC at E1C than at E2C, and substantially more of the carbon was in particulate form at E1C, probably indicating that greater amounts of organic material entered the stream upstream from EC1 than at EC2. Of the N species present, organic N dominated all the water samples from Estates 1 and 2; nitrite + nitrate concentrations were substantially lower in runoff at Estates 2 than at Estates 1 ( fig. 8 ), particularly at the outfall E2O. Nitrite + nitrate concentrations in the RAC streamwater at E1C and E2C immediately upstream from both outfalls were similar, however. Chloride and sulfate concentrations generally were higher in both streamwater and runoff at Estates 2 than they were at Estates 1, as were concentrations of Na. 
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Arsenic and Metals in Soils at and near Two Detention Basins Estates 1
The bankside soils/sediments (hereafter referred to as sediments) at Estates 1 near the basin outfall have some features resembling soils (upper layers high in organic matter) but incorporate overbank deposits with contributions from overland runoff and are underlain by the geologic parent materials. These sediments were composed mainly of dark gray micaceous fine sands, silts, and clays. Some lignite was present below a depth of about 24 in., and reducing conditions were indicated by a strong hydrogen sulfide smell.
Concentrations of As and total metals such as Cu, and Fe, were highest in sample R-1a, which included the uppermost 15 in. of sediment or, in the case of Pb, in R-1b, which included sediments below 15 in. to about 20 in. (fig. 9 ). The concentration of Sb also was highest in the uppermost 15 in. (fig. 9) ; Sb has been shown to be enriched in orchard soils to which arsenical pesticides have been applied (Wagner and others, 2003) ; consequently, elevated Sb concentrations in concert with elevated As concentrations may be an indicator of arsenical pesticide residues. Concentrations of As and the above metals were lower in the deeper sediment samples R-1c and R-1d, which included sediments in the 36-to 40-in. interval, and the 40-to 43-in. interval, respectively.
Arsenic-as the oxidized species arsenate-is known to sorb to Fe (and Al) hydroxides (Manning and Goldberg, 1996; Raven and others, 1998; Jain and Loeppert, 2000; Stollenwerk, 2003) . In orchard soils, both As and Pb from lead arsenate pesticide applications have been shown to bind tightly to humic acids present in the organic matter of soils (Newton and others, 2006) . Nevertheless, Pb appears to be less mobile in soils and sediments than does As (Peryea and Creger, 1994; Asher, 2009 ). The higher concentration of Pb from about 15 to 20 in. below the surface in the bankside sediments may reflect earlier atmospheric inputs from use of leaded gasoline; these emissions peaked in about 1970 (Juracek and Ziegler, 2006) .
The concentrations of total P and organic carbon (OC) showed a vertical distribution similar to that of As (appendix 2). Phosphate (mostly represented by total P concentrations), which behaves chemically in a manner similar to that of arsenate, is known to sorb to Fe hydroxides and may inhibit As sorption (Stollenwerk and others, 2007; Zeng and others, 2008; Campbell and others, 2008) . Because of competition with As for sorption sites, application of phosphate in fertilizers has been proposed as a means by which As is mobilized in soils (Peryea and Creger, 1994) .
A standard procedure for evaluating reactive chemical constituents such As in sediments is to normalize to (divide by) a more conservative element (one that does not sorb or participate in redox reactions) such as Al (Horowitz and others, 1988) . Further, As and many of the metals introduced by runoff to the soils and sediments lining the stream would be expected to be sorbed to or complexed by either 
Arsenic and Metals in Soils at and near Two Detention Basins 13
Fe-hydroxides or by clays (represented by Al) or by organic matter (essentially represented by OC). The normalization helps in identifying where As and metals concentrations are high because concentrations of the materials to which they are sorbed or complexed also are high. Arsenic was strongly and positively related to both Fe (R 2 = 0.97, p = 0.01) and OC (R 2 = 0.95, p = 0.02) in the sediments from the Estates 1 bankside core. When normalized to Fe and Al (representing As as a function of Fe hydroxides and clays) As concentrations were highest in the surficial soils/sediments and decreased with depth ( fig. 10 ). The same pattern was seen for P, which also would be likely to sorb to Fe hydroxides. The vertically decreasing concentrations of As and P normalized to Fe and Al (representing concentrations of Fe and Al hydroxides and clays to which both constituents are likely to be sorbed) with depth probably represent some introduction of both As and P by runoff to the upper layers of the bankside sediments at Estates 1, rather than a distribution that arose from geologic inputs alone, as it is clear that, when As and P concentrations are considered as a function of Fe and Al concentrations, there is more As and P in the upper layers than in the lower layers. Strong statistical relations of As to OC, also P to OC, may exist simply because concentrations of all three constituents are highest in the uppermost layers of the bankside sediments and decrease with depth.
Metals such as Cu and Pb are likely to be complexed by organic matter (Schnitzer and Kerndorff, 1981) , and Cu and Pb concentrations were higher in the upper, more organic-rich samples R-1a and R-1b. When normalized to OC, because OC concentrations are relatively low in the deeper samples R-1c and R-1d, the distributions of Cu and Pb indicated relatively little change with depth, perhaps indicating that their inputs to the bankside sediments have occurred with fewer recent pulses than those of As and P.
Insofar as Estates 1 was developed on former orchard land in which both arsenical pesticides and phosphoruscontaining fertilizers may have been used, it seems plausible that residues of these chemicals could be carried by runoff to the streambank soils and sediments and likely to the stream itself. The layers in the bankside sediments derive from inputs of soils and sediment from overland runoff and from stream deposition during high water, and thus, the vertical distribution of constituents such as As, P, and also the metals could be considered a representation of historical inputs.
Estates 2
Given the nature of soils and bankside sediments at Estates 2, no cores with visible layering were collected; thus vertical distributions of constituents cannot be compared with those of the bankside core at Estates 1. Soil/sediment samples collected within the basin at Estates 2 show that the basin is underlain directly by dark green and gray glauconitic clays of the Hornerstown Formation and, possibly, the Navesink Formation, as the basin is located on or close to the contact between the two units. The sandy soils of the upland residential area that drain to the basin include the Freehold series, which contains moderate amounts of clays and glauconite, and the Sassafras series, which contains little or no glauconite (Keenan and Muñiz, 2007) . Soils in the wetlands along the bank of the RAC at Estates 2 are described as loamy sands of the Collington soil series by Keenan and Muñiz (2007) . On the streambank, the loamy materials were intermixed with gravels down to about 18 in.; below that depth, loamy sands graded into glauconite-rich clays. The clays are encountered at a depth of about 48 in. along the streambank and underlie the stream channel at this location. The As concentration in the bankside loamy sand at a depth of about 19-22 in. was 12 mg/kg (appendix 2), slightly less than the concentration of As (16.1 mg/kg) in the surficial bankside sediments (sample R-1a) at Estates 1, but more than the As concentration (7.5 mg/kg) in the sample (R-1b) from below 15 in. to about 20 in. at Estates 1. The glauconiterich clay beneath the detention basin contained about 24 to 45 mg/kg of As; these concentrations of As were at least twice those encountered in the bankside sediments (which did not contain glauconite) at Estates 1. Concentrations of Cr and V also were generally higher in the glauconitic soils/sediments at Estates 2 than in the sediments at Estates 1, likely reflecting the geologic contributions of these constituents to soil/sediment chemistry at Estates 2.
Concentrations of As, Be, Cr, and V-all of which are present at high concentrations in soils and sediments with high glauconite content (Dooley, 1998; 2001) -generally increased as concentrations of Fe in the soils/sediments increased ( fig. 11 .) The relations of As and Be with Fe, in particular, were strongly linear. Glauconite is a mineral with the nominal formula of (K,Na)(Mg,Fe figure 11 appear to indicate that most of the As and Be are contributed to the soils and sediments at Estates 2 by glauconites (and accompanying micas). The Cr and V appears to be contributed mainly by these geologic materials as well.
Possible Sources and Transport of Arsenic, Metals, and Nutrients to the Basins and Stream
Volume-weighted As concentrations in precipitation in southern New Jersey ranged from 0.069 µg/L to 0.16 µg/L, about the same as in more urban areas in northern and central New Jersey (Reinfelder and others, 2004) . These concentrations are low, relative to an area such as suburban northern Virginia (about 0.5 µg/L or less; Rice and others, 2002; Conko and others, 2004 ). It appears that As deposited by precipitation on the Raccoon Creek watershed, as a whole, and in the detention basins in particular, is probably negligible in comparison with the concentrations of As delivered to the RAC streamwater in runoff and by suspended sediment. It is likely that some of the As and Cr in the runoff at Estates 2 is derived from the soils developed on As-and Crrich geologic materials because, during the storm in September, concentrations of both constituents were higher in water from the detention basin at Estates 2 ( fig. 7) , where the soils are rich in these elements, than in water from the basin at Estates 1, where obvious inputs of Cr are lacking and inputs of As may not derive solely from geologic materials. Surface and shallow subsurface runoff in some areas upgradient from the basin at Estates 2 passes through Freehold soils, which can contain up to 10 percent glauconite (Keenan and Muñiz, 2007) . Runoff to and within the basin (E2B) at Estates 2 runs directly over the glauconitic clays (in which the basin's grass is rooted), and near the stream, subsurface flow to the RAC passes through the Collington soils along the banks, which can contain 10 to 40 percent glauconite. Given the relatively low concentrations of particulate As and Cr in the runoff samples, it appears that most of the contributions of these constituents either are in dissolved form or as colloids, which probably indicates substantial filtering of particles by grassy terrain leading to the basin and filtering and (or) settling within the basin.
The likely sources of As at Estates 1 could be both geologic and anthropogenic. In silty and clayey units of the basal Kirkwood Formation, As concentrations in pore waters have been found to be quite high (6.2-37.4 µg/L; Szabo and others, 2006) , indicating a potential geologic source. Additionally, the land upon which Estates 1 was developed was formerly an orchard; consequently, lead arsenate pesticide residues may be present in the soils. Elsewhere, in the northern Coastal Plain of central New Jersey, As was enriched from background levels of about 5 mg/kg up to about 40 mg/kg in acidic sandy soils in orchards where pesticide residues were present (Barringer and others, 1998) . There, the As was mainly associated with Fe in the uppermost mineral horizon (the A horizon) (Barringer and others, 1998) because oxidized As (arsenate) tends to sorb to iron hydroxides at a pH of less than 7 (Wilkie and Hering, 1996) . The highest concentrations of As and Sb in the bankside sediments at Estates 1 may be indicative of runoff bearing pesticide residues from the orchards that were once adjacent to the stream.
Although the As and Fe concentrations in the surficial glauconitic soil sample from the detention basin (core TC-1) were lower than in the deeper sample (TC-2; appendix 2), concentrations of Ba, Cu, Na, P, and Pb were all substantially higher in the surficial sample than in the deep samples. This distribution could indicate that these metals, but not As, accumulate in the surficial soils within the basin, brought in by runoff. The metals then are sorbed to, or incorporated within, the existing soil particles. Likely sources for these constituents in runoff are vehicular traffic, roadsalt, and fertilizers.
Concentrations of Pb in runoff to and from the basin at Estates 1 were about the same or slightly lower than those in runoff to and from the basin at Estates 2. Concentrations of Pb, mostly particulate, were higher, however, in the RAC streamwater at E1C during the September event than those downstream at E2C. A pulse of Pb to the stream during a major runoff event apparently is initiated upstream from Estates 1. Because the E2C site was sampled an hour later than the E1C site (both on the rising limb of the hydrograph from the gage at 01477120), the higher Pb concentrations may not have reached the downstream E2C site by the time of sampling. It is also possible that runoff and tributary water that contained lesser amounts of Pb from areas between the two sites diluted the streamwater at E2C. Only simultaneous sampling at the two sites throughout a storm would resolve this question. Such intensive sampling was beyond the scope of the current investigation.
The source(s) of what appears to be a Pb pulse in streamwater at E1C is not known. With residential development creating greater areas of impervious surfaces, runoff may contain more vehicle-related metals than it once did. Orchards where lead arsenate may have been used remain in the upper part of the watershed, but most do not abut the stream. Soil disturbance during residential development of former orchard land, such as at Estates 1, may be a factor. Some former orchard areas have been cleared but not yet developed, and Pb-bearing particles may now be washed to the stream at a greater rate than formerly. Concentrations of Cd (mostly in particulate form) also were higher in the RAC streamwater at the two stream sampling sites than in the runoff from either basin to the stream. This distribution may be indicative of a vehicular source for both Cd and Pb, whereby metal-bearing particles wash from road surfaces into the stream at bridge crossings and where roads are adjacent to the stream channel.
The relatively high concentrations of Cu in runoff waters in and from both detention basins could be indicative of inputs from vehicles and, perhaps, Cu leaching from chromated copper arsenate (CCA) treated lumber (Stook and others, 2005) , possibly used in decks on nearby houses. If the latter contributes Cu to runoff, any As and Cr contributed by CCA-treated lumber would be hard to distinguish from the geologic inputs of As and Cr at the Estates 2 site because both constituents are major components of soils developed on, and glauconitic clays within, the Hornerstown and Navesink Formations (Dooley, 1998 (Dooley, , 2001 ), one or both of which underlie the detention basin.
On the basis of nutrient concentrations in water samples collected during the September storm, runoff to and from the basin at Estates 1 contains greater concentrations of nitrite + nitrate than does runoff at Estates 2; this may reflect greater agricultural inputs at Estates 1. Nevertheless, nutrients in the stream also can derive from areas other than Estates 1 and 2; these likely include farm fields and orchards still in production. Like As and the metals, P in the streamwater was mostly in particulate form, probably sorbed to Fe, Al, and Mn hydroxide particles for which it has a known affinity (Zhou and others, 2005) .
In the runoff at both sites, molar concentrations of Na and Cl were nearly the same. This could be an indication of roadsalt effects because the moles of Na in roadsalt sodium chloride (NaCl) are equivalent to the moles of Cl. Retention of roadsalt from winter applications can lead to Cl accumulation in watersheds (Kelly and others, 2008 , and sources cited therein). Consequently, Cl from residual roadsalt probably continues to make its way to the detention basins throughout the year. In the streamwater, however, molar concentrations of Cl were greater than those of sodium. Although Na can be removed from solution by ion exchange, the change in Na/Cl balance may indicate that other sources of Cl-probably residues of agricultural chemicals such as KCl (see, for example, Nakano and others, 2008) -are contributing to the Cl content of streamwater during rain/runoff events.
Concentrations of SO 4 were substantially higher in streamwater than in runoff at both sites. Consequently, it appears that residential development contributes relatively little SO 4 to the stream. Much of the SO 4 in the streamwater could derive from runoff from agricultural land in the watershed, as fertilizers can contain substantial amounts of sulfate (Nakano and others, 2008) .
Overall, although the detention basins do contribute As, metals, and nutrients (also Cl and SO 4 ) to the RAC, the concentrations of these constituents in the stream during high flow indicate the cumulative inputs upstream from the two basins substantially outweigh contributions from the individual basins. On the basis of differences in concentrations between unfiltered and filtered water samples, there clearly are particles greater than 0.45 µm in the runoff, but these appear to contain mostly Al, Fe, and Mn, which are interpreted as indicative of clays and Fe-, Mn, and Al-hydroxide particles. With the exception of some particulate Pb, however, most of the metals appeared to be in dissolved or colloidal form, particularly in samples collected in September. The DOC in the runoff may have complexed and transported some of the metals in dissolved form rather than in particulate form.
Metal , and Cu 2+ all form complexes with fulvic acids (major components of organic matter in soils) at about pH 7, as demonstrated by Schnitzer and Kerndorff (1981) . At Estates 1 and 2, the pH of runoff, which was measured in the laboratory, was about 7. Complexation of some of the metals by organic acids appears likely at the circumneutral pHs of the runoff and streamwater; this likelihood is supported by a strong positive relation (Pearson's r greater than 0.85) between DOC, dissolved As, dissolved P, and dissolved Cu in both runoff and streamwater ( fig. 12 ; table 2). Metals in anionic form such as Cr and V also show a positive relation to DOC ( fig. 12 ). A recent study shows that As, as the oxidized form arsenate (As (V)), binds strongly to humic acids (another major component of organic matter) at pH 7 (Buschmann and others, 2006). Consequently, complexation by DOC may be the means by which dissolved As and some other dissolved constituents are transported. Particulate As and Pb, and particulate P also show a strong relation to particulate Al, Fe, and Mn ( fig. 13; table 3 ), indicating that sorption to mobile Al-, Fe-, or Mn-hydroxide particles and clays may provide an alternate means of transport for these constituents and some of the other metals. At the roughly neutral pHs of runoff in this part of the RAC watershed, much of the anionic As and P (probably also Cr) would still be sorbed to metal hydroxides, whereas these anions would desorb at higher pHs (see, for example, Manning and Goldberg, 1996; Darland and Inskeep, 1997; Dixit and Hering, 2003) . Cationic metals, on the other hand, would have an affinity for clay particles, although the presence of organic matter can, for some metals, affect the degree of sorption (Schmitt and others, 2002) .
Concentrations of some constituents were lower in water from outfalls E1O and E2O than those in water from the basins (E1B and E2B), indicating the basins probably trap some As, metals, and nutrients. Nevertheless, concentrations at their outfalls indicate most of the As and metals in water within the basins ultimately is delivered to areas that abut the stream channel or to the stream itself. The particle load in the stream reflects far greater inputs of particles to the water column, overall, from both runoff and fine bed sediments that are suspended during high-flow conditions than would be likely in the runoff alone from the residential area, where filtering through the surrounding lawns and some settling of particles may occur as the detention basins gradually fill.
Runoff to the RAC probably is greater at Estates 2 than at Estates 1 as a result of (1) the clays underlying parts of the development, the detention basin, and the bankside soils at Estates 2, and (2) a slightly larger area of paved impervious surface in surrounding developments at Estates 2. Both areas contain land that has been cleared but not developed from which sediment can be eroded and transported. Because the Hornerstown and Navesink Formations form a confining unit, not an aquifer, percolation of As-bearing runoff waters to groundwater is unlikely at Estates 2. At Estates 1, however, where soils are sandier, some percolation is likely. Moreover, during bankside soil sampling at Estates 1, hydrogen sulfide odors, indicative of reducing conditions, were detected at a depth of about 2 ft. During a major rain event, the soils beneath the detention basin at Estates 1 would be saturated as the basin fills, and reducing conditions could develop there as well. Where such conditions develop, any sorbed As present as arsenate (As (V)) could be reduced to arsenite (As (III)), which might then become mobile, particularly if organic matter is present (Redman and others, 2002) . Additional sampling would be needed to confirm this supposition.
The water-quality sampling and flow measurements made during the September 2008 rain event indicate that there was a substantial increase in streamflow over the short distance (2.44 mi) from Estates 1 to Estates 2; input from several tributaries that enter the RAC between Estates 1 and 2 probably accounts for much of the increase. Instantaneous discharge was 8.5 ft a distance of 2.44 mi, the flow measurement at Estates 2 was probably made earlier relative to peak flow than that made at Estates 1; that is, the same points on a hydrograph showing the storm wave at Estates 1 probably would not be seen on a hydrograph at Estates 2 because the same part of the RAC mainstem storm wave would not yet have reached Estates 2 in 1.5 hours.
In addition to runoff, streamwater upstream from and at Estates 1 also receives groundwater discharge from the basal part of the Kirkwood-Cohansey aquifer system, whereas at Estates 2, minimal if any discharge would be expected from the clay-rich sediments of the confining unit formed by the Hornerstown and Navesink Formations. At Estates 2, the streamflow apparently is composed of runoff and surface water coming from upstream on the mainstem and the tributaries.
During the September storm, the total As load in the stream at Estates 1 was about 0.05 kg/day; the load in the stream at Estates 2 was 0.30 kg/day. The inputs of As in the vicinity of Estates 2 appear to have resulted in higher concentrations in the streamwater and a greater load than at Estates 1 at the times of sampling. Nevertheless, without serial sampling at both sites during the same storm, the loads cannot be compared for equivalent points on the hydrograph.
The As load at Estates 2 apparently was amplified by greater streamflow arising, in part, from inputs from the tributaries and, in part, from greater local runoff inputs (partly because of the clay substrate that blocks percolation) than the runoff inputs to streamflow at Estates 1.
Inputs of constituents to the RAC from areas upstream from Estates 1 cannot be discounted, however. Particulate concentrations of several metals were high, and As concentrations were substantial in the streamwater just upstream from the Estates 1 basin. Runoff from currently inactive residential development construction sites probably contributes to particle loadings because the watershed currently contains bulldozed areas with little vegetation in addition to a greater amount of impervious surface than was present prior to the last two decades of the 20th century.
Summary and Conclusions
Samples of runoff were collected from two detention basins, their outfalls, and the Raccoon Creek immediately upstream from the outfalls. Sampling sites at Estates 2, underlain by glauconitic soils and geologic materials that are naturally enriched in As, were sampled twice, once during a rain event that was part of a 4-day wet period and once during a rainfall of 2.4 in. that followed a month of dry conditions. Sampling sites at Estates 1, underlain by soils and sediments composed mainly of quartz sand, were sampled once during the larger rain event. Before residential development, the area at Estates 1 was an orchard; the area at Estates 2 was farm fields.
The concentrations of As in runoff collected at Estates 1 and Estates 2 differed substantially during the same rain event; concentrations were highest at Estates 2. Although there may be arsenical pesticide residues in the soil at Estates 1 that contributed to the moderately high As concentrations in runoff there, the higher concentrations at Estates 2 indicate that the geologic inputs of As to runoff and to the stream probably outweigh those contributed by former land use. The Estates 2 sampling site is underlain by a confining unit (the Hornerstown and Navesink Formations); therefore, percolation of As-rich waters to groundwater within the detention basin probably is not an issue there. It may be an issue, however, in the basin at the upstream Estates 1 site where soils and underlying sediments are sandy and more permeable than those at Estates 2. September 2008 stormflow samples at both sites were collected on the rising limb of the hydrograph but not at equivalent points on the hydrograph. At the times of collection and streamflow measurements, the total As load at Estates 2 in September 2008 was 6 times that at Estates 1, reflecting not only greater inputs of As at Estates 2, but greater discharge arising from water in the tributaries entering the RAC upstream from Estates 2 and greater runoff because of the clay substrate.
Runoff to and from the detention basins contains metals, such as Cr and Cu, the main sources of which appear to be geologic and anthropogenic, respectively. Runoff from roads may be an important source of Pb to the stream, and runoff from surrounding agricultural areas appears to be a major source of nutrients, chloride, and sulfate. Because most of the chemical constituents sampled within the basins and at the outfalls were primarily in dissolved form, it appears that some filtering and settling of particles occurs along the paths to and within the basins. The metals and nutrients present in the streamwater, however, were mostly in particulate form-particles that were delivered by runoff from areas other than the detention basins and from suspended bed sediments.
Positive relations between As and some metals with DOC indicate that complexation with organic carbon may be one mode of transport for As and some of the metals in runoff and in the streamwater. Sorption of As, Pb, and P to Fe hydroxides may be indicated by the positive relation of particulate As, Pb, and P with particulate Fe, providing a second mode of transport. 
